We use global heliseismic data from the Global Oscillation Network Group, the Michelson Doppler Imager on board the Solar and Heliospheric Observatory, and the Helioseismic and Magnetic Imager on board the Solar Dynamics Observatory, to examine the behavior, during the rising phase of Solar Cycle 24, of the migrating zonal flow pattern known as the torsional oscillation. Although the high-latitude part of the pattern appears to be absent in the new cycle when the flows are derived by subtracting a mean across a full solar cycle, it can be seen if we subtract the mean over a shorter period in the rising phase of each cycle, and these two mean rotation profiles differ significantly at high latitudes. This indicates that the underlying high-latitude rotation has changed; we speculate that this is in response to weaker polar fields, as suggested by a recent model.
INTRODUCTION
The solar torsional oscillation is a pattern of zonal flow bands that migrate toward the equator and poles during the solar cycle, first discovered in surface Doppler data by Howard & LaBonte (1980) . With the advent of continuous resolved-Sun helioseismic observations from the Global Oscillation Network Group (GONG; Harvey et al. 1996) and from the Michelson Doppler Imager (MDI; Scherrer et al. 1995) on board the Solar and Heliospheric Observatory (SOHO), the migrating flows were seen in helioseismic data (Schou 1999) , and it became evident that the pattern was not merely a surface phenomenon but penetrated through much of the convection zone (Howe et al. 2000; Antia & Basu 2000) . Antia & Basu (2001) pointed out the poleward-migrating part of the pattern at high latitudes, and Vorontsov et al. (2002) showed that this poleward branch penetrates through most of the depth of the convection zone. The high-latitude branch is less obvious in surface Doppler observations, such as those reported by Ulrich (2001) and Howe et al. (2006a) , due to projection effects.
Like the magnetic cycle, the equatorward branch associated with Solar Cycle 24 showed noticeable delays during the extended solar minimum of 2007 -2010 (Howe et al. 2009 ). As in previous cycles, once this branch reached a latitude of approximately 25
• in late 2009 the cycle started to show significant activity (Howe et al. 2011a ). However, as Howe et al. (2011a) also reported, the new poleward-migrating branch did not appear, whereas in Cycle 23 hints of this branch were becoming apparent at the same time as the onset of activity. This led to speculation, as reported, for example, by Pasachoff & MacRobert (2011) , that the Sun might be entering a new Grand Minimum.
A less drastic possible explanation for the non-appearance of the new poleward branch has been put forward by Rempel (2012) . In the model of Rempel (2006) , the poleward branch arises easily from a flux-transport dynamo calculation, whereas surface thermal effects, as suggested by Spruit (2003) , are needed to reproduce the observed low-latitude branch. Rempel (2012) found that if the polar fields weaken-as has indeed been observed in recent years (Hoeksema 2009 )-the overall rotation at high latitudes slows down, masking the appearance of the poleward branch when the rotation-rate residuals are formed by subtracting a long-term average.
DATA AND ANALYSIS
The GONG data used here consist of 174 sets of rotational splitting measurements, starting in 1995 May, each obtained over 108 days with the start dates of successive samples offset by 36 days and incorporating degrees up to 150. For MDI we use 73 non-overlapping 72 day observation periods starting in 1996 May. These are supplemented by 13 similar sets from the Helioseismic and Magnetic Imager (HMI; Schou et al. 2012 ) on board the Solar Dynamics Observatory, which superseded MDI in 2010. The most recent HMI period analyzed ends on 2012 November 21.
There are five 72 day periods, from 2010 April 30 to 2011 April 24, during which the two instruments operated in parallel. Because the MDI data suffer from certain systematic effects that do not affect HMI Larson & Schou 2009; Howe et al. 2011b) , an offset, calculated from the mean difference between HMI and MDI rotation profiles over the five periods with data from both instruments, was applied so that the residuals could be treated together. The MDI data were used for the first 72 day period of the overlap and the HMI data for the remaining four periods, so that the HMI data we show start on 2010 July 11. The HMI and MDI data include degrees up to 180 for p modes and up to 300 for f (n = 0) modes. In these sets the rotational splitting is expressed as the coefficients of a polynomial expansion up to 36th order using the formulation of Schou et al. (1994) . The peak finding and two-dimensional regularized least-squares (2dRLS) rotation inversion analysis are the same as those used by Howe et al. (2000 Howe et al. ( , 2009 .
RESULTS
In Figure 1 , we show the overall torsional oscillation pattern at depths of 0.99 R and 0.95 R . The GONG and MDI/HMI data were combined by subtracting a separate mean profile, obtained over the period 1996.5-2009.0 corresponding to Solar Cycle 23, from the inversion results for GONG and for MDI/HMI and then combining the GONG and MDI/HMI residuals. We indicate with vertical lines the epochs of the two solar minima and of the onset of the new cycles, the latter being defined as the point at which we see active regions and field strength of more than 5 G over a substantial range of latitudes. The near-surface pattern is intimately related to magnetic activity, with the fastest flow in the equatorward-propagating branch coincident with the equatorward edge of the activity belt and the poleward edge of the fast flow band corresponding to the latitude of maximum activity during much of the cycle. However, the equatorward branch appears well before significant activity and even before the minimum of the previous cycle; the Cycle 23 branch was already well established when GONG observations started in 1995, while the new branch that would eventually become associated with Cycle 24 first appeared around 2003 and by 2011 has, if anything, a larger amplitude than the corresponding branch in the previous cycle. However, this representation does not show much sign of faster-than-average flow at higher latitudes in the new cycle. Although somewhat degraded by noise and poorer resolution, the near-surface flow pattern persists well into the body of the convection zone. It also shows a slight phase shift with depth (Howe et al. 2006b ), in the sense that the equatorward branch reaches a given location slightly earlier in the deeper layers. It is important to note that the analysis of globalmode frequencies is not sensitive to north-south asymmetry, while local helioseismic and surface Doppler measurements, which do not have this limitation, suffer from projection effects causing systematic biases and poor resolution at latitudes poleward of 60
• . In Figure 2 we show the residuals at selected latitude-depth locations, again after subtraction of a mean over the whole time series at each location. While the signal at 45
• , where both highlatitude and low-latitude branches originate, is of low amplitude and low signal-to-noise ratio, the high-latitude signal in general has much larger amplitude than the low-latitude one, when expressed in terms of angular velocity; it also has a higher signalto-noise ratio. If we expressed the velocities as flow speeds the difference in amplitude would be much less marked, although the signal-to-noise improvement would remain. However, at higher latitudes the localization of the inversion inferences is less reliable, so there may be systematic errors that cannot easily be represented by error bars on the inference at a particular location. While the low-latitude pattern, even with the delay in the declining phase of Cycle 23, can still be conveniently described as the combination of an 11 to 12 year sine wave and its second harmonic (Howe et al. 2005 ), the high-latitude behavior is somewhat more erratic and does not appear to represent a repeating pattern over the 17 years of observations. We see that the high-latitude rotation rate has at least ceased to decrease since about 2010 and even shows some signs of increasing. In the near-surface case, the lowest rotation rate reached in the new cycle is higher than the minimum rate in the previous cycle at latitudes poleward of 70
• , and lower between 45
• and 60
• , while in the interior the slow-down appears to extend to all latitudes poleward of 45
• . The near-surface layer shows sharp changes in the trend of the high-latitude rotation rate, which are not echoed (or are lost in noise) in the deeper layers. At the highest latitude shown there is a "double peak" feature that we speculate may arise from the superposition of two hemispheres evolving on somewhat different schedules.
In Figure 3 , we test the hypothesis that the poleward branch is masked by the slowing high-latitude rotation rate by showing the rotation rate residuals over the first six years and the last six years of the joint observations, formed by subtracting the mean over only the earliest and latest periods of 3.5 years for which we have both GONG and MDI/HMI data; these periods (1996.4-1999.9 and 2009.04-2012.54, respectively) correspond to the rising phase of each cycle. For this purpose, we show MDI/HMI and GONG results separately. Plotting the data in this way allows us to see changes in the later epoch in more detail. In this representation the beginnings of the new Cycle 24 poleward branch are indeed weakly visible, though it is not as well defined as in Cycle 23 and there is room for interpretation as to exactly when it starts. Figure 4 shows the change in the mean rotation rate between the two 3.5 year ascending-cycle periods at two depths, treating GONG and MDI/HMI separately. At 0.99 R there is a significant slow-down in the mean rotation rate at latitudes between about 40
• and 70
• for the later epoch relative to the early one, with a hint of a speed-up at higher latitudes; at the 0.95 depth the slow-down is still seen but the resolution at very high latitudes is not good enough to show whether there is a speed-up. While the two experiments show the same qualitative behavior, there are differences greater than the formal uncertainties, probably due to the poorer resolution of the GONG observations at high latitude.
DISCUSSION
We have shown that the changes in high-latitude rotation rates during the rising phase of Solar Cycle 24 can be interpreted as a slowing of the underlying rotation rate at mid to high latitudes, with a hint of shallow near-surface acceleration at the highest latitudes, combined with what appears to be a "normal" (although possibly weaker than in the previous cycle) pattern of an emerging poleward-migrating belt of faster-than-average rotation. The low-latitude underlying rotation rate, on the other hand, appears to remain almost constant. At depths of 0.95 R and below, and at the lower end of the high-latitude range, this behavior is qualitatively consistent with the prediction of slower high-latitude rotation when polar fields weaken from the model of Rempel (2012) . However, this simple model was not intended to realistically reproduce the shallowest layers, and it differs from the observed solar behavior in other details. Some of the discrepancies may be attributable to the poorer performance of the inversions at the very highest latitudes, as seen, for example, by Howe et al. (2006b) .
In general, the torsional oscillation seems to be a more complicated phenomenon than it appeared after the first ten years of GONG and MDI observations, and the question of whether it is a driver or merely a tracer of the solar cycle remains unresolved, as does the question of why the polar fields weakened after the Cycle 23 maximum. While the meridional flow pattern plays an important role in both fluxtransport dynamo and surface-transport dynamo models, and some modelers, such as Schrijver & Liu (2008) and Nandy et al. (2011) , have looked to changes in the meridional flow to explain the anomalies in the Cycle 23-24 minimum, both Dikpati (2011) and Petrie (2012) argue that such changes cannot account for the observed decline in the polar fields, which must instead be attributed to changes in the mid-latitude source field. Even if it is merely a tracer of the magnetic cycle, the torsional oscillation may yet play a part in solving this conundrum.
It will be interesting to see whether the next milestone in the zonal-flow cycle, the emergence of the new equatorward branch at mid-latitudes about three years after solar maximum, occurs on schedule. If solar maximum occurs in 2013 as predicted, we would expect to see this branch emerging around 2016.
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